Abstract
Introduction
The growing demand for ultra-wide operational bandwidth with high quality and operational efficiency, lower manufacturing cost, and lower power consumption has become more widespread in microwave communication systems. Mixer is a key component of RF front-end systems that uses a nonlinear or time-varying element to achieve frequency conversion where it converts signals from one frequency to another [1, 2] . A single-balanced Schottky diode mixer finds enormous applications in the modern microwave systems. There are several applications such as in microwave imaging, radars, communication, instrumentation, etc. Many of these applications concentrate on the frequency range between 3 to 11 GHz [3] [4] [5] .
Active mixers produce higher conversion gain, smaller chip size, and better noise performance [6, 7] . However, these mixers also have specific drawbacks, such as high DC power consumption and narrow operation bandwidth. Relatively, they also have a low linearity of signal power, whereas passive mixers have significant advantages such as better linearity, wider bandwidth, and lower power consumption. Several studies using a pair of diode technique have been presented in [8] [9] [10] [11] . However, these studies did not achieve a wide operation bandwidth and high isolation between the mixer ports (RF, IF, and LO).
Therefore, in this paper, a coupled-line balun comprised of several sections of coupledline was implemented in a single-balanced mixer design. The single-balanced mixer design was based on two Schottky diodes. The balun circuit provides a good impedance matching to the diode mixer and it provides a 180° phase shift over UWB frequency (3.1 to 10.6 GHz). Besides that, a low pass filter (LPF) was used in the mixer design to attenuate the unwanted signals and also to match the diode mixer with the IF port. Thus, the advantages of this design are the implementation of the coupled-line balun in UWB mixer design in order to minimize the complexity of the circuit with a good performance of conversion loss and isolation.
Coupled-line Balun and Mixer Design 2.1. Multi-Section Coupled-line Balun Design
A coupled-line circuit has been used in different research works as baluns [12] . In this paper, a multi-section coupled-line microstrip was designed as a balun and was implemented in Figure 1 depicts the diagram of a basic single-section coupled-line balun. It produced a balanced output to the load terminations Zout from an unbalanced input with source impedance Zin. The quarter-wavelength at the coupled-line was matched to the center frequency of operation and one of the coupled-line terminals was terminated (SC or OC) to ensure full reflection. Figure 1 . Quarter-wave coupled-line balun [12] Generally, the impedances Zout are different from Zin. For instance, in balanced diode mixers, balanced signals from a source need to be fed to a pair of diodes, which may have a different impedance from the 50 Ω source impedance. Additionally, to produce balanced outputs, the balun circuit also needs to perform impedance transformation between the input/source impedance Zin and the output/load impedances Zout.
As depicted in Figure 1 , the balun circuit comprises of a pair of coupled-lines section, which are λ/4 at the center of operational frequency. One of the four coupled-line section terminals was terminated (SC or OC) with full reflection, most usually in a short circuit [13, 14] . However, it can be used in an open circuit for some other cases. Based on Figure 1 , the Sparameters describing the balun operation were given by
The coupled-line odd-and even-mode impedances required for this balun circuit operation can be obtained from the corresponding four-port network depicted in Figure 2 . In Figure 2 , the short/open (SC or OC) terminal was replaced by a load impedance Zin to form a symmetrical network Figure 2 . Four-port network for even-and odd mode [14] Therefore, the required odd-and even-mode impedances can be obtained as follows, In the short-circuit case: In (3) and (4) clarified the difficulties in the implementation of the multi-section coupled-line balun circuit. To approximate the desired open or short circuits in the even mode, very high or very low even-mode impedances were required in the design. Figure 3 is a schematic diagram of the multi-section coupled-line balun. It consisted of three sections of the coupled-line balun which was designed to cover from 3.1 to 10.6 GHz band. Meanwhile, Figures 4, 5, and 6 show the simulated S-parameters of the balun design for a different additional section. It showed that by adding more sections, it improved the insertion loss at S(3,1) that was required in the mixer design. Besides, it is well-known that by properly choosing the even-mode and odd-mode impedances of the different sections, the bandwidth of the coupler can be increased and thus, the simulated results indicated in Figure 6 show that the insertion loss S(2,1) and S(3,1) were around -5 dB and the return loss S(1,1) was less than -10 dB over a wideband range. In Figure 7 , the phase shift of 180° between port 2 and 3 was shown by observing the S(2,1) and S(3,1) values. 
Balanced Diode Mixer Design
The designed multi-section coupled-line balun was implemented into a single-balanced diode mixer as shown in Figure 8 . The Figure is a basic circuit configuration for single-balanced diode mixer where two Schottky diodes were used by connecting to the multi-section balun and a low pass filter. In between the coupled-line balun circuit and Schottky diodes, a λ/4 of microstrip-line was used to provide the matching networking. The selection of the Schottky diode is critical for use in the mixer design which involves a trade-off between cost, convenience, ease of manufacture, and performance. However, the diode should have strong non-linearity, lower noise, lower distortion, and better frequency response in the operation region. Therefore, a packaged diode made up of silicon (SMS7621) was selected due to its features and applications which operated successfully at frequencies up to 12 GHz.
IF signal was extracted from the common node of two Schottky diodes and coupled it into the IF port through a low pass filter (LPF). The selection of LPF in the down-conversion mixer offered very good RF and LO suppression [15] . It was used to extract the frequency range of down conversion. The LPF was simulated with ADS software and designed by using a microstrip line with cut-off frequency at 2 GHz. This filter provided a matching network between IF port and diodes. No DC bias was required for this Schottky diodes mixer circuit. Figure 9 shows the fabricated multi-section coupled-line balun integrated into a single-balanced diode mixer. It was fabricated on Roger RO4350B with a dielectric constant of 3.48. The mixed IF signal was fixed at 100 MHz in the simulation and measurement, in which it was simulated by ADS software and measured by Spectrum Analyzer. By putting the LO power level of 10 dBm and RF power of -20 dBm, Figure 10 shows the simulated and measured conversion loss of the single-balanced diode mixer versus RF frequencies from 3 to 10 GHz. It showed that the conversion loss was in the range of -8 to -16 dB. The difference between simulation and experiments results is due to some factors such as cable loss and fabrication process. Figure 11 shows the simulated conversion loss versus LO power level from 1 to 15 dBm at frequency of 7 GHz and IF of 100 MHz. It showed that conversion loss will reduce if LO power is increased. Figure 11 . Conversion loss vs. LO power level at 7 GHz with IF=100 MHz Table 1 is the summary and comparison between the proposed mixer and other mixers based on different techniques at UWB frequency range. Thus, the advantage of this design is the implementation of coupled-line balun in UWB mixer design in order to minimize the complexity of the circuit in [16] [17] [18] that have been used two baluns circuit and four diodes for double balanced mixer. Another important trend is that narrow bandwidth mixers tend to have lower conversion loss in part due to the difficulty in maintaining circuit balance over the wider bandwidth, however, the single balanced mixer in [19] achieves a conversion loss around 12.5 dB and isolation of 20 dB. In [20] , the Wideband single balanced mixer designed and developed at DC power of 0.5 V and LO power of 15 dBm to achieve a conversion loss of 11 dB Table 1 . 
Conclusion
A multi-section coupled-line microstrip was designed as a balun and was implemented in a single-balanced Schottky diode mixer. The design was simulated in the ADS software and measured for verification. By using a multi-section coupled-line balun as a matching circuit together with the mixing process function from Schottky diodes, this mixer achieves a good conversion loss from -8 to -16 dB over UWB frequencies of 3.1 to 10.6 GHz. It was set with an LO driven power of 10 dBm and fixed IF of 100 MHz; thus, it would be able to achieve a good isolation between the mixer ports and could be integrated with other components such as UWB antenna [21, 22] , filter [23] , amplifier [24] and switch [25] for a complete UWB RF front-end system.  ISSN: 
